Insect cells of an established line, Drosophila Kc cells, take up and metabolize juvenile hormone OH). The cytoplasm of these cells contains a protein that binds JH with specificity, saturability, and high affinity (Kd = 1.56 X 10-8 M). The kinetics for the specific binding and dissociation of JH I were independently measured, and the rate constants were found to be ka = 1.3 X 106 M-' min-1, kd = 1.3 X 10-2 min-1, respectively. All three juvenile hormones bind to the protein with comparable affinities; the corresponding acid or diol metabolites of JH I are not bound. About 2500 hormone-binding protein molecules are present per cell. The protein has a molecular weight of 80,000 as estimated by gel permeation chromatography and by sucrose gradient sedimentation. The properties of this protein suggest that it functions as a cytoplasmic receptor for juvenile hormone.
Insect hormones thus far identified include peptides, steroids, and the unique sesquiterpene derivatives (1) known as juvenile hormones (H). We now have available some information about the action of both peptide and steroid hormones at target tissues (1, 2) . Recently, two papers have described the identification of a receptor protein for ecdysteroids, the steroidal molting hormones, from Drosophila melanogaster imaginal discs (3) and Kc cells (4) .
Virtually nothing is presently known, however, about the details of action of the JH at their target cells. Insect JH is produced in the corpora allata and transported through the hemolymph, often associated with specific carrier proteins, to target tissues where the hormones exert a physiological effect (1) . Schmialek and his colleagues (5, 6) attempted to identify JH receptors in epidermal tissue of the mealworm, Tenebrio molitor, by incubating tissue with a labeled hormone analog, followed by disrupting membrane structures with the detergent Triton X-100. Unfortunately this procedure is complicated by the fact that JH and the JH metabolites form mixed micelles with Triton X-100 that behave as macromolecular complexes [see Akamatsu et al. (7) for discussion]. More recently, Riddiford and Mitsui (8) have provided evidence for a high-affinity (Kd = 2 X 10-8 M) JH receptor in nuclei from epidermal tissue of Manduca sexta. This presumably is analogous to the nuclear receptor for steroid hormones in mammalian tissue (9) . -The Drosophila melanogaster Kc cells seemed to be an attractive system in which to characterize a JH receptor, based upon the successful use of this established insect cell line to demonstrate the presence of a cellular ecdysteroid receptor (4) . In this paper we report the existence of a macromolecule in the cytoplasm of the Drosophila cells that binds JH and has the properties expected for a receptor protein-i.e., specificity, saturability, and high affinity.
MATERLALS AND METHODS
The Kc cell line of Drosophila melanogaster, established by Echalier and Ohanessian (10) , was maintained as a suspension culture in 3-liter spinner flasks (Bellco Glass) in D-20 medium (11) . The organic medium ingredients were from Sigma with the exception of Yeastolate, which was from Difco; the inorganic ingredients were from Mallinckrodt. The cultures were maintained at 250C at a stirring speed of 60 rpm. Human foreskin fibroblast cells (Jackson 60) were grown in monolayers and were obtained from Glyn Dawson (The University of Chicago).
The radiolabeled JH I, [10-3H] methyl (2E,6E,1OZ)-10,11-epoxy-7-ethyl-3,11-dimethyl-2,6-tridecadienoate (racemic), was obtained from New England Nuclear (specific activity, 13.5 Ci/mmol; 1 Ci = 3.7 X 1010becquerels). The tritiated acid and diol of JH I were prepared according to the methods of Slade and Zibitt (12) . The products were located and purified by thin-layer chromatography (TLC). Unlabeled JH I, juvenile hormone II [JH II; methyl (2E,6E,10Z)-10,11-epoxy-3,7,11-trimethyl-2,6-tridecadienoate], and juvenile hormone III [JH III; methyl (2E,6E)-10,11-epoxy-3,7,1 1-trimethyl-2,6-dodecadienoate] (all racemic) were from Calbiochem. Ponasterone A (23,3#,14a,20R,22R-pentahydroxy-513-cholest-7-en-6-one) was a gift from D. H. S. Horn (Commonwealth Scientific and Industrial Research Organization, Australia). Molecular weight standards were obtained from Pierce and Schwarz/Mann. Cells were harvested (density approximately 3 X 106 cells per ml) by centrifugation at 800 X g for 8 min. The cells were resuspended in 10 mM Tris/5 mM MgCl2, pH 6.9, at 4°C (4) to a final volume four times that of the cells and then repelleted. The cells were disrupted with 20 strokes of a Dounce homogenizer. The homogenate was then centrifuged at high-speed (122,000 X g, 1.5 hr) to obtain supernatant fraction designated cell cytosol. When stated, dilutions of the cell cytosol were made with a standard buffer, 10 mM Tris/5 mM MgCl2/150 mM KC1, pH 7.4, at 220C (4) and 0.15 mM diisopropyl phosphorofluoridate (DFP) from Aldrich.
When stated, bound hormone was separated from free (unbound) hormone by the use of dextran-coated charcoal (DCC; 13), prepared according to Kramer et al. (14) , with a final concentration of 0.16% (wt/vol) in standard buffer. For the DCC assay, the incubation was carried out in tubes coated with Abbreviations: JH, juvenile hormone; DCC, dextran-coated charcoal; DFP, diisopropyl phosphorofluoridate; TLC, thin-layer chromatography. 4657 The publication costs of this article were defrayed in part by page charge payment. This article must thefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. a 1% solution of polyethylene glycol 20,000 (Fisher). Specified amounts of [3H]JH I and unlabeled JH I were added from stock solutions in standard buffer, followed by the addition of cytosol. The incubation mixtures were held at 230C for 15 min with frequent gentle mixing. To terminate the incubation, the tubes were placed on ice, 50,Ml of an ice-cold 0.3% solution of DCC was added, and the tubes were held for 15 min at 00C. The solutions were then centrifuged at 14,000 X g for 15 min to pellet the charcoal. The amount of DCC used was sufficient to remove all of the JH from the incubation mixture. Aliquots of the supernatant were removed for scintillation spectrometry.
The rate of association (ka) was determined by incubating tubes containing 10 nM [3H]IJH I in 50 ,l of cell cytosol containing DFP with and without an excess of unlabeled JH L. After various incubation times, bound hormone was separated from free hormone by the DCC assay. The rate of dissociation (kd) was determined by first incubating cell cytosol containing DFP with 10 nM of [3H]JH I for 3 hr. Excess unlabeled JH I was then added to the incubation mixture. After various time periods, aliquots were removed and bound hormone was separated from free hormone by the DCC assay. Equilibrium binding data were obtained by incubating cytosol (final concentration of 12.5%) with the standard buffer that contained DFP and various (2-20 nM) concentrations of [3H]JH I for 3 hr at 230C. After incubation, the bound hormone was separated from free hormone by using the DCC assay.
Column chromatography was performed with Sephadex G-25 (Pharmacia; 1.5-X 20-cm bed) and Sephadex G-100 superfine (2.0-X 65-cm bed) with the standard buffer as the eluant. When stated, the effluent fractions were monitored at 280 nm by using a Gilford model 2000 spectrophotometer.
Velocity sedimentation centrifugation was conducted through a preformed continuous sucrose gradient in the standard buffer. After centrifugation fractions were collected, they were analyzed by scintillation spectrometry.
The identity of the bound hormone was confirmed by the parallel incubations of 500 ,l of cytosol with [3H]IJH I (approximately 105 dpm) for 15 min at 230C. The tubes were then chilled on ice, and DCC was added to one of the tubes. After 15 min the tubes were centrifuged, and ethanol was added to the supernatant fractions (final concentration of 75% vol/vol). The precipitated protein was pelleted, and the supernatant fractions, to which 20 ,g of unlabeled juvenile hormone was added, were extracted twice with hexane (1:1, vol:vol). The combined hexane extracts were reduced in volume under a nitrogen stream, and the residues were analyzed by thin-layer chromatography. The radioactive fractions from the G-100 column were also analyzed to determine the identity of the hormone. Aliquots were removed, 20,ug of JH I was added, and the solutions were extracted three times with an equal amount of chloroform:methanol (2:1, vol:vol). The organic phases were combined, the combined volume was reduced under a nitrogen stream, and the residue was analyzed by thin-layer chromatography. After centrifugation, the supernatant phases were reduced in volume under a nitrogen stream, and the residues were analyzed by thin-layer chromatography. All scintillation counting was performed in a toluene-based fluor and a Nuclear Chicago Isocap (300) or a Beckman (LSlOOC) spectrometer. Protein concentrations were determined by the biuret method (15) .
RESULTS
Preliminary experiments showed that radiolabeled hormone added to the cell medium at 10 nM was taken up quickly by Kc cells; no intact hormone remained in the medium after 35 min, but acid and acid diol metabolites (12) appeared. The amount of radioactive compounds associated with the cells after 35 min was at least six times that remaining in the medium; of the total radioactive compounds in the cells, 38% was intact hormone and the rest represented metabolites. These results indicated that the cells were able to concentrate the hormone from the medium near physiological hormone levels for most animals. Presumably this process could require binding to a macromolecule. Furthermore, cellular enzymes were capable of metabolizing the hormone, and the metabolites were returned to the medium, because no metabolism of the hormone was observed in fresh or spent medium lacking cells.
JH I binding was subsequently examined in the supernatant fraction of Kc-cell homogenates obtained at high speed. The elution profile (Fig. 1) 2). Thin-layer chromatographic analysis of the material in the first radiolabeled peak indicated the presence of only intact JH I, whereas similar analysis indicated that the second peak contained predominantly the acid diol and a small amount of the acid metabolite. This second peak represents the inclusion volume of the column and contains only small molecules. The material in the first peak was estimated to (Fig. 3) , in which the bound ligand entered the sucrose gradient and moved to a position close to that of the bovine serum albumin standard (Mr 67,000). Unbound hormone remained at the top of the gradient. Again it was demonstrated that binding of labeled JH I could be prevented by competition with excess unlabeled hormone.
The affinity of the cytosolic binding protein for JH I was determined by both kinetic and equilibrium methods. It was first necessary to determine the length of time required for the hormone to associate with the binding site. A second order reaction is evident from the plot of time versus amount bound (Fig. 4) The rate of dissociation of the hormone was also measured. A first-order reaction was evident from the rate at which bound labeled JH I was displaced by unlabeled JH I. A plot of time versus In (bound labeled JH I) resulted in a line with a slope equal to kd (Fig. 5) . The dissociation rate constant was calculated to be 1.34 X 10-2 4 0.16 X 10-2 min-1.
An equilibrium dissociation constant, Kd, for the binding of JH I to the binding site can be calculated from the ka and kd The rates of association and dissociation also aid in establishing the necessary conditions (incubation period of 3 hr). under which an equilibrium measurement for complex formation can be obtained. This study was performed again with the DCC assay to separate bound from unbound hormone (Fig.  6 ). Transformation of these data to a Scatchard plot (16) yielded a straight line (Fig. 6 surements. The agreement of these two values is verification of a high-affinity binding site for JH I. It is possible that only one stereoisomer of JH I is recognized by the binding protein, and consequently the determined values of the equilibrium constants could be twice the true value because the racemic mixture of JH I was used.
The x-axis intercept value on the Scatchard plot (Fig. 6) (17, 18) . JH is chemically distinct from these other two classes of hormones. This paper provides evidence for a cytoplasmic binding macromolecule for JH, which would indicate that JH action is mediated in a manner analogous to the steroid hormones. Initial binding of JH to membrane receptors has not been ruled out, nor has it yet been demonstrated that the cytoplasmic binding protein can enter the nucleus. Nonetheless, the Kc-cell cytoplasmic JH-binding protein can be presumed to be a receptor because of its ligand specificity, its saturability, and its ability to concentrate the native hormone from the extracellular medium. It is of interest to note that although Dro (20) . Moreover, in isolated abdomens of normal adult females, a JH analog induces vitellogenesis (21) , and JH inhibits ecdysteroid-induced evagination of imaginal discs in vitro (22) . Although JH has not been conclusively identified in D. melanogaster, it has been shown to have an effect on Kc cells in vitro.
In cultured Drosophila cells, the effects of ecdysterone on cell morphology are partly reversed by JH (23) , and the stimulatory effects on cell proliferation are inhibited by a JH analog (24) .
The existence of hemolymph carrier proteins for JH is well documented (see ref. 1 for a review) . These proteins may serve primarily a protective function, rather than a mediatory one, although no adequate test of a mediatory function has yet been made (25) . A recent report (26) has provided evidence for a hemolymph JH-carrier protein in larvae of D. hydei. The dissociation constant for JH I is 0.1 uM (26) . If D. melanogaster has a similar protein in the hemolymph, it could pass hormone on to a protein of higher affinity on or in the cell. In order to clarify the role of the cytoplasmic JH-binding protein, it will be necessary to follow its fate in the cell. So far, nuclear binding of the hormone in insect cells has been demonstrated (8 and unpublished experiments) but the movement of bound hormone from cytoplasm to nuclei has not been shown. Exactly how these transfers would be accomplished is not clear.
The absence of any competition by ecdysteroids indicates that the observed antagonism between the molting hormone and JH involves a mechanism other than simple competition for binding sites on the same receptor. Further elaboration of the binding specificity of the cytosol protein is of considerable interest, for it may shed light on the mechanism of action of both hormones and analogs.
The discovery of the cytosol hormone-binding protein also places JH within the framework of the extensively studied steroid hormone system. Understanding the relationship between this protein and others that bind JH in hemolymph and cell nuclei will advance considerably our understanding of the mechanism of action of this unique and important insect hormone.
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